Abstract. Long-haul carriers must comply with various safety rules which are rarely taken into account in models and algorithms for vehicle routing problems. In this paper, we consider the rules on truck driver safety during long-haul trips in North America. The problem under study has two dominant features: a routing component that consists in determining the sequence of customers visited by each vehicle, and a scheduling component that consists in planning the rest periods and the service time of each customer. We have developed different scheduling algorithms embedded within a tabu search heuristic. The overall solution methods were tested on modified Solomon instances, and the computational results confirm the benefits of using a sophisticated scheduling procedure when planning long-haul transportation.
In long-haul transportation, the distances traveled by truck drivers during a journey can be considerable and drivers often have to be on the road for several consecutive days. This is in contrast with classical vehicle routing problems (VRPs) in which all requirements are typically fulfilled within the same day.
As a result, truck driver fatigue is often a contributing factor to serious accidents in long-haul transportation. To reduce fatigue and improve safety, several western countries have adopted legislations which regulate the amount of time long-haul truck drivers can drive without a rest over a given period.
Trucking companies are monitored, and non-compliance with the legislation can result in substantial fines. Accordingly, legislative requirements should be considered when planning long-haul vehicle routes.
However, these requirements are rarely considered in the vehicle routing literature or in routing and scheduling software.
The aim of this paper is to present, model and solve a rich vehicle routing problem arising in the less-than-truckload industry, and which takes into account the North American legislative requirements on work and rest hours. We solve the problem by means of scheduling algorithms embedded within a tabu search heuristic. Our study is motivated by the case of Groupe Robert Inc., one of the largest and best known Canadian third-party logistics providers, but our contribution is of general applicability.
In addition to the North American legislation, our study also takes into account other constraints sometimes considered in VRPs, such as multiple time windows and heterogeneous fleet constraints.
Multiple time windows are assigned to each customer since the problem extends over several days, but customers are visited only once.
The North American legislation stipulates for how long commercial vehicle drivers may drive without resting during long-haul trips. The legislation generally imposes three restrictions. First, a driver can only cumulate a certain number of driving hours between two consecutive rest periods. Second, a driver may not drive beyond a given number of consecutive hours after resuming duty following a rest. These two restrictions are meant to ensure that a driver does not work over a prescribed limit within a certain time interval. Third, a driver may only drive for a maximum cumulated time during a certain number of consecutive days after being off-duty for more than a prescribed time. We note that the American and Canadian regulations are similar in structure, but some of their parameters differ. For instance, it is forbidden to drive after 13 hours of cumulated driving time in Canada, while the limit is 11 hours in the United States (US).
Similar legislations are also enforced in several other countries. For example, the European Union (EU) has adopted regulation No 561/2006 (the EU regulation) which sets restrictions on driving hours and limits the working hours of drivers. Although similar in objective, the provisions of the North American regulations are different from those of Europe. The main differences stem from the more restrictive nature of the EU regulation which requires additional breaks after specified working time periods. In fact, in addition to daily rest periods, the EU regulation stipulates that short breaks must be scheduled after certain driving time intervals. Other rules and alternative provisions also apply.
Literature review
Several solution approaches have been proposed to deal with working hour restrictions and driver break scheduling requirements within the VRP. Rochat and Semet [17] model rest breaks as fictitious customers, whereas Cordeau et al. [5] treat them as arcs in a multi-stage network. Desaulniers et al. [7] have shown that maximum working time constraints can be handled within constrained shortest path algorithms by means of resource constraints like those used for time and load variables. Campbell and Savelsbergh [3] have presented a modified insertion heuristic to handle maximum shift time limits for drivers. Savelsbergh and Sol [20] incorporate breaks and daily rests into a branch-and-price algorithm for a general pickup and delivery problem. Dealing with legislation on working hours cannot be treated as basic break scheduling because continuous movements on the road generate several dependent daily schedules over the planning horizon.
A number of authors have developed algorithms incorporating the EU or US regulations. Goel and Gruhn [11] consider the maximum driving time restriction imposed by the EU regulation within a VRP with time widows (VRPTW) and solve the problem by means of a large neighbourhood search algorithm. Goel [10] subsequently improved this methodology, although his research is focused on the basic provisions of the EU regulation and does not consider some of the alternative provisions of this regulation. The author has applied a large neighbourhood search algorithm to modified Solomon [21] test instances for the VRPTW. In their consideration of the EU regulation within a VRPTW, Kok et al. [13] present a basic break scheduling method embedded within a dynamic programming framework. Prescott-Gagnon, Drexl and Rousseau [16] have proposed a large neighbourhood search algorithm based on a column generation heuristic to solve the problem. This method relies on a tabu search for generating routes (columns) and a labeling algorithm to check their feasibility. Kok et al. [13] and Prescott-Gagnon, Drexl and Rousseau [16] have introduced in their algorithms the alternative EU provisions that were not considered by Goel [10] . The algorithm developed by Prescott-Gagnon, Drexl and Rousseau [16] outperforms those of Goel [10] and Kok et al. [13] on VRP benchmark instances.
However, all these methods may not consider some routes within the optimization process because the truck driver scheduling algorithm they use is sometimes unable to find a feasible solution. Goel [9] presents a procedure that always identifies a feasible schedule satisfying the EU regulation whenever one exists but, to our knowledge, this method has not yet been embedded within an overall algorithm for the combined VRP and truck driver scheduling problem.
Zäpfel and Bögl [23] and Bartodziej et al. [2] have worked on vehicle routing problems stemming from real case studies and incorporating rest constraints specified by the EU regulations. Zäpfel and Bögl [23] have presented a two-phase heuristic for a complex combined vehicle routing and personnel assignment problem, including outsourcing decisions. A VRP is solved during the first phase by a tabu search or by a genetic algorithm. An assignment problem is solved heuristically during the second phase. Bartodziej et al. [2] have studied a block planning problem that deals with time windows, rest regulations and a heterogeneous fleet. They have combined a column generation heuristic and a large neighbourhood search with two types of neighbourhoods.
To our knowledge, the only North Americain regulations considered in a routing context are those of the US Department of Transportation (DOT). These were first considered by Powell [15] who presented a hybrid model that takes into account forecast demands to perform dynamic routing and driver scheduling. The simulator used to test Powell's model integrated the version of the DOT regulations that were then in force. The first paper that explicitly integrates DOT regulation driver restrictions in a VRP is due to Xu et al. [22] . These authors have proposed a column generation algorithm in which DOT regulations are handled in the subproblem which is solved by means of a fast heuristic. More recently, Ceselli, Righini and Salani [4] have worked on a rich problem embodying several operational difficulties arising in real-world applications, among which they consider a working time limit before a rest. They have developed a column generation algorithm in which the pricing problem is a particular resource-constrained elementary shortest-path problem solved by a bounded bidirectional dynamic program. However, the scheme used to schedule rest periods is rather basic. A rest is inserted only when no more driving time is available, so that the possibility of resting before the allowable driving time is depleted is not considered. As shown by Archetti and Salvelsbergh [1] , not using early rests means that some feasible customer sequences are considered to be infeasible.
More recently, some authors have focused their attention on the difficulty of constructing a feasible schedule for a given sequence of customers, in conformity with the US legislation. The two following studies take into account the Federal Motor Carrier Safety Administration's Hours-of-Service (HOS) regulations for commercial vehicle drivers, the latest DOT working hour rules, and concentrate on the trip scheduling problem rather than on the VRP. Archetti and Salvelsbergh [1] have considered the problem of determining how a sequence of full truckload transportation requests, each with a dispatch window at the origin, can be executed by a driver in conformity with the HOS regulations. They have developed an algorithm, called SMARTRIP, to schedule the working and driving hours of a driver. It finds a feasible schedule in polynomial time, if one exists. Goel and Kok [12] have also studied a trip scheduling problem in which each location must be visited within one of several time windows, and have presented a scheduling method capable of finding a feasible schedule in polynomial time if one exists.
They have shown that the complexity of their algorithm for the case of single time windows remains the same in the case of multiple time windows when there is a gap of at least ten hours between them.
Scientific contribution
The problem considered in this paper differs from those adressed by the above mentioned authors. First, the US regulations are different from those of the EU regulations. The EU regulations can be viewed as an extension of the North American regulations since they are more restrictive and several alternative provisions can be applied. This being said, in the problems considered by Goel [10] , Kok et al. [13] , and Prescott-Gagnon, Drexl and Rousseau [16] , a single wide time window is associated to each customer and only one vehicle type is used. In the present paper, we consider multiple time windows for each customer and a heterogeneous fleet of vehicles. Second, we extend the ideas of the authors who have considered the HOS regulations, by embedding a trip scheduling module that can create intermediate infeasible solutions for the combined vehicle routing and driver scheduling problem. In the scheduling process, we also include the possibility for the driver to split a rest into two shorter periods spent in the sleeper berth, an alternative not yet treated in the papers that have dealt with the HOS regulations.
Third, we integrate the labor costs of drivers in the routing and scheduling processes to better represent the cost of operating a vehicle in practice. In the scheduling process, we integrate optimization by minimizing the duration of the planned trips, rather than only trying to find a feasible schedule as was previously done. We also analyze the impact of considering the total schedule duration in the objective function as opposed to only concentrating on the total distance traveled.
The remainder of the paper is organized as follows. In Section 2, we provide a description of the constraints and objectives of the problem. The algorithms we have developed are described in Section 3. The computational results are presented in Section 4, followed by conclusions in Section 5.
Constraints and objectives
We consider a VRP with multiple time windows (VRPMTW) that combines scheduling rest periods for drivers in conformity with the North American regulations, as well as other typical VRP constraints.
We begin by describing the VRP and its constraints. We then elaborate on the work regulations in greater detail. Finally, we introduce two alternative objective functions for the problem.
Vehicle routing and scheduling constraints
We first describe the basic concepts of the VRPMTW. Given a set of vehicles based at a depot, the problem consists in determining a set of feasible routes to serve a set V of customers in order to minimize a given objective. The depot is denoted by 0 and we define V 0 = V ∪ {0}. Let c ij be the travel distance between i and j, where i, j ∈ V 0 , and let d ij be the driving time to reach j from i. Many companies provide customized transportation services to meet their customer requirements, which may lead to the use of a heterogeneous fleet of vehicles suited to various functions (e.g. refrigerated vehicles, tank-trucks, livestock transportation vehicles, etc.). Consequently, we consider a heterogeneous vehicle fleet in this study. Every customer i ∈ V 0 has a non-negative demand q i and can be served only by a subset of the vehicle fleet. Every vehicle type has a given load capacity which cannot be exceeded by the total demand it carries. Moreover, a restriction on on-duty time has to be imposed to prevent overloaded work schedules for drivers. A driver can be on-duty for a maximum of h work hours during the planning horizon and this restriction translates directly into a duration constraint on the vehicle routes.
An ordered set of time windows T i = {[a ti , b ti ], t = 1, . . . ,t i }, with b t−1,i ≤ b ti , is associated with each customer i to determine the time intervals within which delivery is allowed. Each customer i ∈ V 0 must be visited once by a vehicle during w i time units, without service interruption. Consequently, a single time window has to be chosen for each customer delivery. If a vehicle arrives before the opening of this time window, it has to wait. It must also arrive before the closing of the selected time window, for otherwise the driver will have to wait until the opening of the next available time window, if one exists.
Working hour constraints
By law, every driver operating a commercial vehicle during long-haul trip in North America is required to record his duty status for each 24-hour period on a specific grid in a log book (Figure 1) . A change of duty status has to be registered as one of the following four possible states: driving, on-duty, off-duty, or sleeper berth. These states are described as follows. Figure 1 : Illustration of a completed driver's log for one working day [8] .
Driving: Driving time is the total time spent at the driving controls of a commercial vehicle in operation, even when the vehicle is stuck in a traffic jam.
On-duty: On-duty time means all the time a driver is performing work for any employer or is required to be available for work. Accordingly, this time is computed from the moment a driver begins work until he is relieved from work. On-duty time includes the following activities: 1) driving time; 2) time spent at a property of a carrier or a shipper, unless the driver has been relieved from duty; 3) time spent inspecting, servicing, or conditioning any commercial vehicle; 4) time spent in or upon any commercial vehicle, except time spent resting in the sleeper berth; 5) time spent loading, unloading, supervising or attending a commercial vehicle; 6) time spent handling work paper for shipments; 7) time spent repairing or remaining in attendance upon a disabled commercial vehicle; 8) time spent performing any compensated work for a person who is not a carrier.
Off-duty: When off-duty, drivers have no obligation to perform any work. They are free to pursue any activity and are allowed to leave the place where the vehicle is parked.
Sleeper berth: The time the driver is in the sleeper berth of a commercial vehicle in conformity with specific requirements.
In this paper, we consider the HOS regulations for commercial vehicle drivers (Part 395 of the Federal Carrier Safety Regulations) which have been in force in the US since January 2009. The HOS restrictions on driving periods are described in Table 1 . an eight consecutive day period after 34 or more consecutive hours off-duty.
11-hour driving limit
A driver may only drive a maximum of 11 hours after 10 consecutive hours off-duty.
14-hour limit A driver cannot drive beyond the 14 th consecutive hour after coming on-duty, following 10 consecutive hours off-duty. Off duty time does not expand the 14-hour period.
Instead of applying the 70-hour on-duty limit rule, a similar restriction with a limit of 60 working hours during a period of seven consecutive days can also be applied. In this case, we use the 70-hour on-duty limit to be consistent with the rule applied by Groupe Robert, but the idea remains the same for the 60-hour on-duty limit. A driver can also use the sleeper berth to extend the 14-hour limit. Any period of at least eight consecutive hours spent in a sleeper berth will not be included in the 14-hour horizon. This allows a driver to extend the time during which he can use the 11 hours of driving as long as the conditions described in Table 2 are respected.
In summary, a driver can drive at most h drive hours and can be on-duty at most h on duty hours before a prescribed rest of at least h rest hours has to be taken to gain the right to drive again. In fact, a rest period has to start at the latest when the driving limit or the on-duty limit is reached. Duty time consists primarily of driving, waiting and service time. When a driver makes use of the sleeper berth provision, he has to take a break of at least h long break consecutive hours and another one of at least h short break consecutive hours. In such a case, the driving limit and the on-duty limit remain. According to the HOS regulations, we can set the parameters as follows:
• h work = 70 hours, the maximal cumulated on-duty hours during eight consecutive days;
• h rest = 10 hours, the minimal duration of a rest period to regain driving time; Sleeper berth partial rest periods Drivers using the sleeper berth provision must spend: 1) at least eight consecutive hours (but less than 10 consecutive hours) in the sleeper berth; 2) a separate block of at least two consecutive hours (but less than 10 consecutive hours) either in the sleeper berth, off-duty, or in any combination of the two.
Driving and duty limits with partial rest periods
After the second required rest period is completed, a new calculation point for the 14-hour limit, starting at the end of the previous rest period, will have to be considered to determine the available on-duty and driving hours. In this calculation, only the time block in the sleeper berth of at least eight consecutive hours will not be counted as part of the 14-hour limit; a block of less than eight hours will. The sleeper berth provision can be used continually until 10 consecutive hours off duty are taken. After 10 consecutive hours off duty, a driver has 11 hours of driving time and 14 hours of duty time available again.
• h drive = 11 hours, the maximal cumulated driving hours between two rest periods;
• h on duty = 14 hours, the maximal cumulated on-duty hours after which it is illegal to drive before resting;
• h long break = eight hours, the minimal duration of a long break period when a rest is split in conformity with the sleeper berth provision;
• h short break = two hours, the minimal duration of a short break period when a rest is split in conformity with the sleeper berth provision.
Objective functions
In studies in which driver working hours are considered (see Section 1.1), the primary objective is typically to minimize the number of vehicles in the solution, and the secondary objective is to minimize the total distance traveled. However, minimizing this objective without considering driver schedules may yield unacceptable solutions such as long routes with significant resting times. To avoid such situations we alternatively consider the total trip duration as a secondary objective. The problem is solved twice, using each of the two different objectives. The solutions obtained can then be compared and the selection of the best compromise solution is left to the decision maker.
To solve the problem of Groupe Robert, we minimize the number of vehicles used in the solution, and then the real routing cost. This cost is in fact a weighted sum of the total traveled distance and total duration. In the following, we will summarize the main features of the tabu search and detail the scheduling algorithms that can handle the HOS regulations.
Illustration

Outline of the tabu search heuristic
The algorithm starts with an initial solution x 0 , obtained with a simple constructive procedure, and moves at each iteration from a solution x of value f (x) to another solution in the neighbourhood N (x) of x. The neighbourhood N (x) consists of all solutions that can be obtained by applying a given type of 
where the parameters α, β and γ are dynamically updated throughout the search. After each iteration, the values of these parameters are modified by a factor of 1 + δ, where δ > 0: if the current solution is feasible with respect to a constraint, the value of its associated parameter is divided by 1 + δ, and it is multiplied by 1 + δ otherwise. Diversification and intensification mechanisms are also used to improve the search. The goal of the diversification is to penalize solutions containing frequently encountered attributes, whereas intensification is a process aimed at deepening the search around good solutions.
In our problem, multiple time windows and the HOS regulations are integrated during route construction. To evaluate duration and time window violations of a route, a schedule complying with the HOS regulations is first determined. Before calculating the cost of a solution x ′ ∈ N (x), a rest scheduling algorithm generates a schedule for the given modified sequence of nodes in x ′ in order to assess the cost impact of the modification.
In addition, operators favouring the minimization of the number of vehicles in the solution have also been implemented within the tabu search. Every time a feasible solution with m ′ vehicles is found and this value is smaller than the least known number of vehicles in any feasible solutions, the upper bound on the number of vehicles available is fixed to m ′ + 1. This way, the possibility of moving customers to an empty trip remains, which ensures a certain flexibility in the search. A trip destruction operator has also been added to the tabu search procedure, but only when the secondary objective is to minimize the total distance. Every 100 iterations within the first 500 iterations, and every 500 iterations thereafter, the trip with the shortest duration is destroyed and its customers are moved sequentially into another route. This procedure is not applied when the secondary objective is to minimize the total duration because destroying the trip of shorter duration conflicts with this objective.
Adaptations of a procedure developed by Goel and Kok
Goel and Kok [12] have presented a search scheme for an algorithm that generates feasible driver schedules for an ordered sequence of λ customers. This O(λ 2 ) time algorithm was not implemented but the authors suggested that such a procedure could be used in some simulation experiments and could be useful for carriers to avoid precarious delivery schedules. We have adapted this procedure to our problem and we have embedded it within our tabu search heuristic. The main differences between the suggestion made by Goel and Kok and our implementation is that we consider infeasible solutions during the search process as well as extended rest durations during the scheduling process. In the following sections, we will explain this modified procedure in more detail. The trip scheduling algorithms we have developed and embedded within the tabu search heuristic will then be described.
Truck driver scheduling problem
The driver scheduling problem consists in deciding when a driver will drive, work and rest in order to comply with the HOS regulations, in such a way that all customers are visited within one of their time windows. Consider a route (i 0 = 0, i 1 , ..., i p , i p+1 , ..., i λ = 0). The driving time from i p to i p+1 is denoted by d ip,i p+1 , and the service duration at customer i p is equal to w ip . We will designate by drive any period of continuous driving, by rest an off-duty period of at least h rest hours, by work any period of service time at a customer and by idle the waiting time at a customer. To present the algorithm that constructs schedules in compliance with HOS regulations, we define the following values:
• starting time of schedule s:
• completion time of schedule s:
• index of the last full rest period activity in schedule s:
• cumulated driving time since the last rest period in schedule s: In the classical VRPTW, in order to reduce a partial route duration and unnecessary waiting time, it may be advantageous to delay departure from the depot and the beginning of service at a customer.
Similarly, in the context of long-haul transportation, it may also be beneficial to expand the length of a rest period in order to reduce waiting time and to increase driver flexibility by delaying the end of the 14-hour limit. Goel and Kok [12] apply these ideas by taking into account the time by which the last rest period may be postponed in a schedule. This time is denoted by l postpone s . We have adapted the computation of this value since our problem is characterized by multiple time widows, and infeasible solutions are allowed during the search.
The forward time slack is defined by Savelsbergh [19] as the largest margin by which one can postpone the beginning of service at a customer without causing any time window violations. For a given route, this value is recursively evaluated starting from the depot up to the last customer. In our problem, which deals with several rests and allows temporary time window violations, we compute the "forward time slack since the last rest", which represents the latest time at which service can begin at a customer without increasing time window violations and is recursively evaluated starting from the previous rest to the following rest. In this evaluation, for every customer i of a route, we consider the Moreover, if two rest periods have to be included to reach the following customer starting from the last served customer in s, then the last rest period cannot be postponed:
A rest postponement is implemented whenever a new rest is inserted and when the depot is reached at the end of a route. To this end, the departure from the depot will be delayed when the newly inserted rest is the first one of the schedule, and the previous rest is lengthened otherwise. The value by which the departure from the depot or the last rest (activity a u r ) will be brought forward or extended is equal to l postpone s
. In fact, a length u r will be increased by a value equal to l postpone s whenever a new rest is inserted.
Trip scheduling procedure
This section presents our extension of the method developed by Goel and Kok [12] for determining driver schedules. The main idea of this procedure is to take a partial schedule and complete it by sequentially adding activities, such as driving and rest periods, until the following customer is reached.
Given a partial route in which the last customer is i p , the remaining driving time required to reach the next customer i p+1 in the trip is denoted by Determine the index t r of the time window allowing the earliest service at customer i p+1 including a previous rest:
Concatenate the current schedule to create s r :
end if 4. Update set of possible schedules to reach customer i p+1 :
To effectively implement the enumeration procedure, we have used a breadth-first search algorithm which can briefly be described as follows. Consider the route (i 0 = 0, i 1 , ..., i p , i p+1 , ..., i λ = 0) and let S ip be a set of feasible schedules obtained at node i p . To determine the set S i p+1 , the schedules in S ip that are completed the earliest are successively considered and extended within the trip scheduling algorithm. Then, prior to extending the next schedule in S ip , all dominated schedules in S i p+1 are removed. When all schedules of S ip have been generated, the same steps are repeated for S i p+1 . We can determine a set of feasible schedules for the route starting at i 0 and apply the same process up to i λ .
In our case, the feasible schedule retained for the trip, s * ∈ S i λ , will always be the one with l end s * ≤ l end s for all s ∈ S i λ .
Inclusion of the sleeper berth provision in the trip scheduling procedure
We now describe how to include the possibility of splitting a rest into two periods in compliance with the sleeper berth provision. We first establish a new driver state, called sleeper berth, which represents a period spent in the sleeper berth in accordance with the provision described in Table 2 . When rests are split in partial rest periods, the computation of the cumulated driving time and the 14-hour limit are modified. Accordingly, some values linked to a schedule have to be defined or adjusted:
• index of the rest activity which generates the last calculation point of the 14-hour and driving limits in schedule s: • index of the last rest period in schedule s:
• cumulated driving time since the last calculation point in schedule s: • minimal resting time required to regain the right to drive when the on-duty limit or the driving limit will be reached after the end of schedule s: Before describing our second scheduling algorithm, the trip scheduling procedure that exploits the sleeper berth provision, we present the algorithms used to generate the schedules representing the four strategies that could be adopted before serving a customer. The first possibility, described by Procedure 1, is to execute the service directly without resting. The second possibility is to take a full rest before the service, which is described by Procedure 2. Procedure 3 and Procedure 4 outline the two possibilities of partial rest periods according to the sleeper berth provision: taking a long break or a short break. In each of these procedures, the time window selected is the one that allows the earliest service. The idle time is then added to the schedule if necessary.
Algorithm 2 is similar to Algorithm 1, but more rest period possibilities are considered as it makes use of the sleeper berth provision. First, the maximum legal driving time ∆ is determined. Then, a driving activity of length ∆ is added to the current schedule. If the next customer is not yet reached, a rest period will be included after extending the previous rest, or by delaying the departure from the depot. Depending on the state of the driver, a rest split in the sleeper berth will be continued only if a complete rest cannot be included. This process is repeated until the next customer is reached, at which point the possibility of a direct service is considered in a first schedule and all eligible rest periods are then considered in different schedules. Accordingly, if the driver is already making use of the sleeper berth provision, the schedule with the appropriate break time will be created. Another schedule that ends the rest split in the sleeper berth (including a complete rest) will also be created if it is allowed.
When the driver is not making use of the sleeper berth provision, then all the rest possibilities are considered by creating the corresponding schedules. Finally, the set S i p+1 of schedules that comply with the regulations is augmented. In the tabu search heuristic, this procedure is implemented in the same way as Algorithm 1, but the dominance criterion is modified. In this case, schedule s dominates
The first two conditions mean that in schedule s the driver has spent less time to perform the same duties of schedule s ′ and still has more allowable driving time to continue his journey without resting. The last condition means that the resting time required to regain the right to drive, when the on-duty limit or the driving limit will be reached, is not more in schedule s than in schedule s ′ . Moreover, schedule s 
Basic trip scheduling procedure
To evaluate the benefits of a sophisticated trip scheduling procedure, we compare in Section 4.3.1 the Algorithm 1 with the basic trip scheduling procedure used by Xu et al. [22] and Ceselli, Righini and Salani [4] to solve rich VRPs by column generation. In this procedure, a rest is always inserted as late as possible, i.e. when the driving or the on-duty limit has been reached. The departure time from the depot corresponds to the earliest possible time that will not create any waiting time before serving the first customer in a route, while departing as early as possible. Algorithm 3 determines the sequence of activities to be fulfilled by a driver from customer i p to customer i p+1 according to the basic trip scheduling procedure. In this procedure, the current schedule s is sequentially extended so that a unique schedule is established for any sequence of customers. 
Algorithm 3 Basic trip scheduling procedure
end if 1. Schedule driving and rest periods on the route from customer i p to i p+1 :
Include a rest:
end if end while
Schedule service:
Determine the index tr of the time window allowing the earliest service at customer i p+1 :
tr the value of t yielding min b t,ip+1 | l end s0κ ≤ b t,ip+1 or b t,ip+1 = bt i p+1 ,ip+1 . Concatenate the current schedule to create sr: Because our problem is new, no benchmark instances are available for it. We have first created test instances from known VRPTW benchmark problems and we have used different objective functions to compare their impact on the solution. We have also solved a real instance provided by Groupe Robert for a typical week. We first describe the test instances and we then present our computational results.
Artificial instances
We have first adapted the benchmark instances of Solomon [21] for the VRPTW. These instances contain 100 customers each and are divided into six classes that differ by the geographical distribution of the customers and their time window tightness. The customers are clustered in the C1 and C2 instances, and uniformly distributed in the R1 and R2 instances. In the RC1 and RC2 instances some customers are clustered while others are uniformly distributed. The C2, R2 and RC2 instances have wider time windows and a larger load capacity per vehicle than the C1, R1 and RC1 instances, which makes them harder to solve since the number of customers per route increases considerably. For each instance, the travel time matrix and the time windows associated with each customer were modified to better suit our context. The other parameters, i.e. the geographic coordinates of customers and the depot, the distance matrices, as well as the vehicle capacities remain the same. The time intervals during which the vehicles are available in the Solomon instances were first interpreted as periods of 24 hours. The time windows of each customer have been scaled accordingly and then replicated for eight days. The available time of all vehicles was set to 192 hours (H = 8 days). As proposed by Goel [10] for the EU problem, the travel time matrices have been adjusted so that the traveling speed of a vehicle is set to five distance units per hour, instead of 60 as in the original Solomon instances.
To illustrate, consider a customer i that has to be visited by a vehicle during the interval [0, 15] and with [3, 9] as the associated time window in the original Solomon instance. In our case, the depot time window will be [0, 192] to represent the eight-day planning horizon and the set of time windows for that customer will be T i = 3 
Real-life Groupe Robert instance
We now describe the instance of Groupe Robert which concerns the distribution of goods in the US during a typical week. The geographical distribution of the 162 customers is depicted in Figure 3 , which was created using the MapPoint commercial software. A set of time windows are also associated with each customer depending on its delivery schedule and a service quality level guaranteed by the carrier.
There are three types of goods with mutual incompatibilities. To deal with this constraint we consider two vehicle types, and a set of compatible vehicles is associated to each customer. The Groupe Robert instance is comparable to the RC1 instances since some customers are clustered while others are more scattered, and not many customers (between one and seven) can be served in the same route. Moreover,
this is an open vehicle routing problem (Sariklis and Powell [18] ) since the route does not include the trip back to the depot so as to include further on-line requests. Accordingly, all distances and traveling times from any customer to the depot are set to zero (see Pisinger and Ropke [14] ). 
Results and analysis
We have implemented our tabu search heuristic in C++ and have run all experiments on a Dual Core AMD Opteron 275, 2.19 GHz CPU with 8.0 GB of RAM. We have first tested the tabu search heuristic incorporating the trip scheduling algorithms on the modified Solomon intances just described and then on the Groupe Robert case. We compare the basic trip scheduling procedure with Algorithm 1, and then Algorithm 1 with Algorithm 2. We also report the most relevant results obtained on the real-life instance. When the total distance is minimized, Algorithm 1 finds solutions that require an average of 7.13% fewer vehicles and whose distance is on average 4.06% shorter. When the total duration is minimized, Algorithm 1 finds solutions that require on average 2.8% fewer vehicles and reduce the total duration by 2.74% on average. For most sets of instances, Algorithm 1 finds solutions that improve the secondary objective. When the secondary objective does not improve (C2 and R2 in table 4), fewer vehicles are used. We also note that better results are obtained when there are more customers per vehicle (instances C2, R2 and RC2). In these cases, Algorithm 1 identifies solutions with far fewer vehicles.
The basic trip scheduling procedure, which allows a rest only when there is no more available driving time, is not the best procedure for trip scheduling. However, the scheduling policies applied in this procedure are often adopted in practice and in some VRP studies. Our results clearly demonstrate the benefits of using a sophisticated scheduling procedure that includes the possibility of scheduling rest periods before the allowable driving time is depleted. 
Comparison of Algorithm 1 and 2 on the artificial instances
We report in Tables 5 and 6 the results obtained with Algorithm 1 and Algorithm 2 on the artificial instances. When the total distance is minimized, Algorithm 2 finds solutions that require on average 2.11% fewer vehicles and 3.48% less distance. When the total duration is minimized, Algorithm 2 finds solutions that require on average 2.36% fewer vehicles and 4.02% less travel duration. These results illustrate the benefits of incorporating the sleeper berth provision in the driver scheduling process, especially when the instance involves a larger number of customers per route. However, the computing time increases considerabely since more schedule possibilities have to be considered during the solution process. 
Results obtained on the Groupe Robert real-life instance
To generate a data set compatible with the format used by the algorithms proposed in this paper,
we have performed some manipulations on the Groupe Robert data. We have used the MapPoint commercial software to compute the distance and travel time matrices. We have then compared the solution used by Groupe Robert to those generated by our heuristics. Having at our disposal the list of customers visited by each vehicle, we have determined a realistic route for each of them by solving a traveling salesman problem using the basic trip scheduling procedure. We consider this solution to be realistic and probably even better than the one actually used by the company.
We summarize the results of our experiments in Table 7 . We have first solved this instance by means of Algorithm 1 embedded within the tabu search heuristic and compared our solution with that of Groupe Robert. We have minimized the number of vehicles as the primary objective, and the total routing cost as the secondary objective. To speed up the solution process and to ensure reasonable computational times, we have first generated an initial solution by applying the basic trip scheduling procedure for 50,000 iterations. We have then performed 100,000 iterations of the tabu search using Algorithm 1 to improve this solution. The resulting solution requires three vehicles fewer without increasing the routing cost considerably. Indeed, the primary objective is improved by 7.5% and the routing cost goes up by approximately 3%.
We have also tested Algorithm 2 by means of the same solution process. As for Algorithm 1, the solution of Algorithm 2 requires 37 vehicles. This value has been proven to be optimal given the total demand and the vehicle capacity. Allowing rest splits in the slepper berth reduces the routing cost by 0.15%. These results are consistent with those obtained on the RC1 instances. Indeed, experiments conducted on these instances have shown that using the sleeper berth provision yields a smaller improvement in this context. Nevertheless, we can observe benefits in using a sophiticated routing and scheduling procedure as opposed to the current dispatching process. 
Conclusions
We have developed and compared several scheduling algorithms for a VRPMTW with working hour rules. This routing and scheduling problem is encountered by several carriers providing long-haul transportation services. The presence of multiple time windows and the working hour constraints considerably complicate the standard VRP. We have proposed a tabu search heuristic that embeds various scheduling algorithms. The algorithm was tested on the modified Solomon instances and on a real-life instance. The computational study performed on the six Solomon instance sets shows that better solutions are obtained when one considers the possibility of resting before the allowable driving time is depleted. The quality of solutions can also be improved by allowing the algorithm to split complete rests into partial rests according to the sleeper berth provision. Our tests also reveal that sophiticated scheduling procedures tend to yield better results when the vehicle routes contain more customers. Our results on the Groupe Robert data indicate that much better solutions can be obtained in terms of the number of vehicles at the expense of a modest increase in routing cost. Gains vary with respect to the complexity of the scheduling algorithm. Since short response times are often crucial in the trucking industry, dispatchers may choose to run the tabu search heuristic with the basic trip scheduling procedure until a feasible solution is found and then use a more sophisticated scheduling algorithm to improve the solution. 
